Removal of Retained Introns Regulates Translation in the Rapidly Developing Gametophyte of Marsilea vestita  by Boothby, Thomas C. et al.
Developmental Cell
ArticleRemoval of Retained Introns Regulates
Translation in the Rapidly Developing
Gametophyte ofMarsilea vestita
Thomas C. Boothby,1 Richard S. Zipper,1 Corine M. van der Weele,1 and Stephen M. Wolniak1,*
1University of Maryland at College Park, Department of Cell Biology and Molecular Genetics, College Park, MD 20742, USA
*Correspondence: swolniak@umd.edu
http://dx.doi.org/10.1016/j.devcel.2013.01.015SUMMARY
The utilization of storedRNA is a driving force in rapid
development. Here, we show that retention and
subsequent removal of introns from pre-mRNAs
regulate temporal patterns of translation during rapid
and posttranscriptionally controlled spermatogen-
esis of the fern Marsilea vestita. Analysis of
RNAseq-derived transcriptomes revealed a large
subset of intron-retaining transcripts (IRTs) that
encode proteins essential for gamete development.
Genomic and IRT sequence comparisons show
that other introns have been previously removed
from the IRT pre-mRNAs. Fully spliced isoforms
appear at distinct times during development in a
spliceosome-dependent and transcription-indepen-
dent manner. RNA interference knockdowns of
17/17 IRTs produced anomalies after the time
points when those transcripts would normally be
spliced. Intron retention is a functional mechanism
for forestalling precocious translation of transcripts
in the male gametophyte of M. vestita. These results
have broad implications for plant gene regulation,
where intron retention is widespread.
INTRODUCTION
A hallmark of rapid development is a reliance on little or no tran-
scription, but rather the translation and utilization of stored RNA
and proteins as the means to achieve a burst of growth (Gross
and Cousineau, 1963, 1964; Raff et al., 1972; Muthukrishnan
et al., 1975; Capco and Jeffery, 1979; Davidson, 1986; Richter
and Smith, 1984; Hughes and Galau, 1989, 1991; Rosenthal
et al., 1993; Curtis et al., 1995; Hart and Wolniak, 1998). Initial
clues that someRNA species aremade and undergo a prolonged
period of quiescence came from experiments showing that
nonnucleated fragments of sea urchin eggs could be partheno-
genetically stimulated to form blastulas (Harvey, 1936, 1940).
Moreover, protein synthesis that was necessary for blastula
formation was not dependent on de novo transcription of RNA
(Gross and Cousineau, 1963, 1964). Since these early experi-
ments, accumulated evidence indicates that the storage of
RNA is widespread among divergent eukaryotes and stored
transcripts are processed and utilized during rapid developmentDeveloand differentiation (Dure and Waters, 1965; Grosfeld and
Littauer, 1975; Muthukrishnan et al., 1975; Amaldi et al., 1977;
Nakabayashi et al., 2005; Malatesta et al., 2009).
Posttranscriptional Regulation and Intron Retention
Alternative splicing (AS) is common in many eukaryotes
(Campbell et al., 2006; Kim et al., 2007; Ner-Gaon et al., 2007;
Syed et al., 2012). Intron retention (IR) is an AS event where
the splicing of an intron is skipped, resulting in an otherwise
mature transcript harboring an unprocessed sequence. While
IR events have been shown to be more common in plants than
in animals (45.1% and 30%–47.9% of all AS products in rice
and Arabidopsis versus 2%–10% in humans), questions about
the widespread function of IR in plants persist (Reich et al.,
1992; Campbell et al., 2006; Ner-Gaon et al., 2004; Clark and
Thanaraj, 2002; Kan et al., 2002; Iida et al., 2004; Wang and
Brendel, 2006; Marquez et al., 2012). Most IR events are thought
to involve poorly defined splice signals that contribute to subop-
timal splicing efficiency (Hampson and Rottman, 1987; Dirksen
et al., 1995; Romano et al., 2001; Sterner and Berget, 1993;
Talerico and Berget, 1994; McCullough and Berget, 1997;
Romfo et al., 2000; Sakabe and de Souza, 2007) and cis-acting
elements (for review: Wang and Burge, 2008). Short intron length
has also been implicated in IR (Galante et al., 2004; Stamm et al.,
2000; Sugnet et al., 2004; Zheng et al., 2005; Ohler et al., 2005;
Sakabe and de Souza, 2007). IR has been shown to be triggered
by external stimuli, to be specific to developmental phases and
tissue types, and to display sexual dimorphism (Marrs and
Walbot, 1997; Winter et al., 1988; Gebauer et al., 1998; Averbeck
et al., 2005; Mansilla et al., 2005; Filichkin et al., 2010). Retained
introns have been shown to affect the stability, function, localiza-
tion, and translatability of the transcripts containing them (Altieri,
1994; Ebihara et al., 1996; Bor et al., 2006; Jaillon et al., 2008;
Buckley et al., 2011).
The Storage and Splicing of Pre-mRNAs in Marsilea
Marsilea vestita is a semiaquatic, heterosporous fern that
produces male (micro) and female (mega) spores. These spores
aremeiotic products that form and then desiccate as part of their
natural developmental cycle. The desiccated microspore of
M. vestita contains a single cell, that when rehydrated, will rapidly
develop into a gametophyte comprising seven sterile cells and
32 motile, male gametes (reviewed in Wolniak et al., 2011).
From the time that the spores are hydrated, it takes only 11 hr
for spermatogenesis to reach completion. During the first
5.5 hr, a series of four asymmetric and five symmetric divisionspmental Cell 24, 517–529, March 11, 2013 ª2013 Elsevier Inc. 517
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spermatids. Since there is no cell movement, the position of
each cell within the spore wall defines its identity. In the final
5.5 hr of development, the spermatids differentiate; each sper-
matid makes basal bodies de novo, in a particle known as
a blepharoplast (Sharp, 1914; Hepler, 1976). The blepharoplast
first forms during the penultimate division, disappears, and
reforms during the final division, and serves as the assembly
site for 140 basal bodies. The spermatid then undergoes cell
and nuclear elongation to become a coiled gamete. Along the
dorsal face of the coiled cell body, a large microtubule cytoskel-
eton serves as an attachment site for the basal bodies, each of
which acts as a template for ciliary axoneme formation. The
mature gamete is a freely swimming cell that uses chemotaxis
to swim toward the egg. Because of temporal, spatial, and cell
type specific precision with which the blepharoplast, basal
bodies, cilia, and their constituent molecules arise in develop-
ment, they serve as excellent markers of gametophyte develop-
ment and spermatid differentiation. While protein synthesis is
essential for spermatogenesis in the microspore, this develop-
ment does not require new transcription of mRNA (Hart andWol-
niak, 1998, 1999). Western and northern blots as well as in vitro
translation assays demonstrated that new proteins are made
early in development (before 2 hr) but that stored RNA cannot
be translated within the first 30 min after the spores are hydrated
(Hart and Wolniak, 1998, 1999; Wolniak et al., 2000). Further
evaluation of translational profiles of proteins during gameto-
phyte development revealed three major categories of protein
translation patterns: (1) some proteins are uniformly abundant
throughout the entirety of development, (2) a group of proteins
is present in the quiescent spore but their abundance fluctuates
during development, and (3) a group of proteins is undetectable
at the onset of development, but these proteins increase in abun-
dance dramatically during specific phases of development (Klink
and Wolniak, 2003). Collectively, these data indicate that the
microspore ofM. vestita contains stored RNA whose translation
is essential and is post-transcriptionally regulated so that tran-
scripts are expressed at specific times and in specific cells of
the gametophyte during spermatogenesis.
The splicing of introns from pre-mRNA is a likely mechanism
that may regulate the timing for translation of stored pre-mRNA
in the microspore. The mRNA encoding the M. vestita homolog
of splicing factor PRP-19 is specifically localized to the cyto-
plasm of spermatogenous cells during later stages of divisions
(Tsai et al., 2004), a localization that can be disrupted through
RNA interference (RNAi)-mediated depletion of Mv-Mago (van
der Weele et al., 2007). Furthermore, RNAi depletion of PRP-19
results in the failure of spermatid differentiation (Tsai et al.,
2004). Cell-specific localization of splicing factors and cell-
type-specific anomalies resulting from their depletion hint that
the splicing of stored transcripts could serve as a posttranscrip-
tional mechanism controlling transcript utilization during devel-
opment of the microspore of M. vestita.
Here we have tested whether the splicing of stored transcripts
plays a regulatory role in controlling the timing of translation for
specific mRNAs during rapid development of this male gameto-
phyte. To this end, we performed RNAseq on poly(A)+ RNA
isolates obtained after different intervals of development and
we assembled de novo transcriptomes from specific time ranges518 Developmental Cell 24, 517–529, March 11, 2013 ª2013 Elsevierduring development. We performed in silico analysis on these
data sets to identify intron-retaining transcripts (IRTs) and their
fully spliced isoforms. For identified IRTs, we assigned gene
ontologies and found thatmany processes and structures unique
to the late stages of spermatid development are represented
within this subset. RT-PCR confirmed that IRTs temporally
precede their fully spliced isoforms during development. We
used the spliceosome inhibitor Spliceostatin A (Kaida et al.,
2007), and the transcriptional inhibitor a-amanitin (Hart and
Wolniak, 1999; Klink andWolniak, 2001) to confirm that thematu-
ration of IRTs to mRNA was spliceosome-dependent but inde-
pendent of transcription. RT-PCR was used to assess the timing
of splicing for a subset of IRTs; the analysis reveals that introns
are removed from these RNAs at distinct times during develop-
ment. RNAiwasused todeplete cells of specific IRTs andfluores-
cence microscopy was used to assess the timing of resulting
developmental perturbations, which in all cases examined
(17/17), occurred after the predicted time that splicing would
have occurred. We cross referenced our RT-PCR and RNAi
timecoursedatawith previously obtained temporal protein abun-
dance data for the gametophyte (Klink, 2001; Klink and Wolniak,
2003; Deeb et al., 2010) and we find in all (4/4) cases that spliced
isoforms precede or are contemporary with translation of
a specific transcript, whereas translation precedes or is contem-
porary with RNAi-induced perturbations. In all (13/13) instances
examined where protein data were not available, we found that
the experimentally determined time of splicing preceded or was
contemporary with RNAi-induced perturbations. Based on our
data, we hypothesize that a subset of transcripts stored in the
spore contains at least one unspliced intron, which is removed
later in development. Retention of an intron results in, or contrib-
utes to, translational inhibition of the IRT and removal of the intron
releases this block and thereby allows translation to proceed.
RESULTS
Intron-Retaining Transcripts Are Present
in the Microspore of M. vestita
For more than a decade our lab has been engaged in character-
izing a cDNA library derived from RNA isolated and pooled from
gametophytes at regularly separated time points throughout the
entire process of spermatogenesis (Hart and Wolniak, 1999).
For this study, poly(A)+ RNA was isolated and pooled from
developing microspores at 1–2 hr, 3–5 hr, and 6–8 hr of develop-
ment and used for RNAseq followed by de novo transcriptome
assembly.
To construct time interval RNAseq transcriptomes, we used
the de novo assembly program Trinity (Grabherr et al., 2011).
Our 1–2 hr transcriptome was assembled from 66,386,292
RNAseq reads and resulted in 56,744 different transcript assem-
blies totaling 4.78 Mbps with an estimated coverage of 1389X.
Our 3–5 hr transcriptome was assembled from 55,273,244
RNAseq reads and resulted in 77,882 different transcript assem-
blies totaling 6.33 Mbps with an estimated coverage of 873X.
Our 6–8 hr transcriptome was assembled from 62,457,826
RNAseq reads and resulted in 85,133 different transcript assem-
blies totaling 6.52Mbpswith an estimated coverage of958X. In
addition we combined all of our RNAseq reads to assemble
a ‘‘reference’’ transcriptome spanning all time ranges. TheInc.
Figure 1. Identification and Analysis of Intron-Retaining Transcripts
(A) Distribution of intron length.
(B) Distribution of the number of introns retained in an IRT.
(C) Schematic showing the intron-exon architecture of genomic, IRT, and fully spliced sequences for representative genes. Exons are represented by boxes,
introns by black lines, and retained introns by red lines. Schematic not to scale.
See also Figure S1 and Table S1.
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reference transcriptome was 184,117,362, which resulted in
187,159 different transcript assembles totaling 14 Mbps with
an estimated coverage of 1315X.
We performed in silico analysis using these sequences to
identify pairs of IRTs and their fully spliced isoforms. Since the
M. vestita genome has not been sequenced, we were unable
to utilize amapping based approach for identifying IRTs (Galante
et al., 2004). Instead, we opted to use and parse results from the
Basic Local Alignment Search Tool, megaBLAST (similar to
Wang et al., 2003, see Experimental Procedures).
From 187,159 sequences examined, we identified 12,589 re-
tained introns and 10,115 IRT pairs. Retained introns had an
average length of 179 bases with the shortest being 38 bases
and the longest being 4,014 bases (Figure 1A).
To get a broader view of what functions IRTs might play in
development we performed gene ontology (G.O.) analyses of
IRTs using the program Blast2GO (Conesa et al., 2005). We
annotated our IRT database with G.O. terms for cellular compo-Develonents, cellular processes, and cellular functions. This analysis
showed that IRTs are not unique for any particular process, func-
tion, or part of the cell. However, our analysis revealed that
cellular components and processes associated with later stages
of development had IRT representation, including IRTs present
or associated with centrosomes, flagella, cilia, or axonemes,
cell motility and locomotion, sperm and male gamete differenti-
ation, and cell death (Table S1 available online).
Examining the number of introns in each IRT shows the
majority (8,217/10,115) of IRTs appear to contain only one re-
tained intron (Figure 1B). While most IRTs contain only one
intron, we suspected that the genes encoding these transcripts
have more than one intron. This could mean that newly tran-
scribed pre-mRNAs undergo partial maturation and that there
is developmental control over the retention of specific introns
and the removal of others. Since there is no M. vestita genome
sequenced, genomic DNA was isolated and sequencing
was conducted for four genes encoding IRT transcripts. We
compared introns contained within the genomic sequences topmental Cell 24, 517–529, March 11, 2013 ª2013 Elsevier Inc. 519
Figure 2. Splicing of IRTs Is Spliceosome-Dependent and
Transcription-Independent Event
(A) RNA isolated frommicrospores grown for the indicated times was isolated,
normalized, and used with isoform specific primers to amplify IRT (2178A) and
fully spliced (2178B) species. RNA from microspores treated with the splicing
inhibitor SSA or transcriptional inhibitor a-amanitin was isolated after 8 hr of
development and usedwith isoform specific primers to amplify IRT (2178A) and
fully spliced (2178B) species.Mv-Cen1was used as a control for normalization.
(B) Standardized gel band intensities were obtained for both 2178A and B
isoforms and relative intensities graphed for comparison (2178A 0 hr was used
as the standard).
(C) Standardized gel bands intensities for Mv-Cen1 (Mv-Cen1 0 hr was used as
a standard).
(D) Ratio of 2178B and 2178A standardized gel intensities.
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genes were seen to have at least one intron that was not present
in IRTs, demonstrating that the desiccating microspore is
capable of pre-mRNA splicing. Additionally, whenRNAseq reads
were mapped to a subset of IRTs (see below) the average
maximal coverage of mapped reads within retained introns
was found to be 124X, suggesting that we are not missing other
retained introns because of low sequencing coverage, or if we
are, their retention rate is substantially lower than the retained
introns identified by our method. Taken together, these data
indicate that the microspore ofM. vestita retains specific introns
within a subset of IRTs, which are stored during spore
quiescence.
Intron-Retaining Transcripts Are Stored and Later
Spliced in the Microspore of M. vestita
To confirm the existence of IRTs as well as fully spliced isoforms,
isoform-specific primers were constructed for RT-PCR. Isoform-
specific primers offer several advantages over primers designed
to amplify multiple splice variants. First, they allow for noncom-
petitive detection of rare isoforms whose presence might be
obscured by more abundant isoforms because of the exponen-
tial nature of PCR. Second, by not amplifying multiple splice iso-
forms in the same reaction, isoform-specific primers allow for
PCR products free from stem-loop artifacts that can arise from
the annealing of intron-containing and complementary intron-
free strands. For all such primer pairs, IRT-specific primers
were designed to hybridize within the intron of an IRT, while fully
spliced isoforms had first strand primers designed to hybridize to
the exon-exon junction formed by the removal of the retained
intron. In concert with strict PCR parameters, this strategy
allowed us to amplify specific isoforms of IRT pairs. RNA was
isolated from microspores after different intervals of develop-
ment, and RT-PCR was then conducted (Figure 2A). Isoform-
specific primers made to recognize IRT (2178A) and fully spliced
(2178B) variants of 2178 (NUDCD2) show a temporal shift in
abundance, where 2178A was present from the onset of devel-
opment, and 2178B became detectable after 4 hr of develop-
ment (Figure 2A). Standardized gel intensities were graphed for
both the IRT and spliced isoform of MvU2178 as well as non-
IRT Mv-Cen1 (loading control), whose transcript has previously
been shown to be present from the onset of development (Hart
and Wolniak, 1999) (Figures 2B and 2C). Quantification demon-
strates that IRT 2178A RNA is abundant early and declines later
in development. The inverse appears to be true for fully spliced
2178B RNA, which in contrast to 2178A, increases over develop-
ment (Figure 2B). This trend can be visualized by tracking the
ratio of 2178B:2178A RT-PCR gel intensities, which show a rapid
increase at 4 hr and nearly double between 4 and 8 hr (Figure 2D).
Since the IRT isoform 2178A was still detectable after the
appearance of the fully spliced isoform, we wanted to confirm
that the appearance of 2178B was dependent on the splicing
of 2178A by treating microspores with the splicing inhibitor
Spliceostatin A (SSA) (Kaida et al., 2007). RNA extracted from
SSA-treated microspores was used for RT-PCR using isoform-
specific primers for 2178A and B (Figures 2A–2D). SSA-
mediated inhibition of splicing resulted in the persistence of the
2178A isoform and there was no increase in the abundance of
2178B over 8 hr.520 Developmental Cell 24, 517–529, March 11, 2013 ª2013 ElsevierMicrospores treated with SSA and fixed after 8 hr of develop-
ment were viewed to determine the timing and extent of their
developmental arrest (Figure 3A). SSA treatment appears toInc.
Figure 3. Spliceostatin A Perturbs Develop-
ment of the Microspore of M. vestita
(A) Control microspores were hydrated and
allowed to develop for 8 or 4.5 hr. Microspores
were treated with SSA, a-amanitin, or both at the
time of their hydration and grown for 8 or 4.5 hr as
indicated. Chromatin was stained with DAPI (blue)
to aid in assessment of nuclear morphology and
developmental progression (bar = 25 mm).
(B) Confocal projections showing nuclear
morphology (DAPI, blue) and Centrin protein (red)
distribution in 8 hr control and disruption in SSA-
treated microspores (bar = 2.5 mm).
(C) Confocal projections showing subcellular
distribution of a-tubulin protein (red) in 8 hr control
and disruption in SSA-treated microspores. Nuclei
were stained with DAPI (blue) (bar = 25 mm).
(D) Confocal imaging of subcellular distribution
of the polyamine spermidine (SPD, red) in 8 hr
control and disruption in SSA-treated microspores
(bar = 25 mm).
(E) Confocal imaging of subnuclear poly(A) (FISH,
green) or total RNA (PY, green) in control, SSA-
treated, or SSA + a-amanitin–treatedmicrospores.
Chromatin stained with DAPI (blue) (bar = 2.5 mm).
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sponding to approximately 4.5–5 hr of gametophyte develop-
ment as evidenced by the number and size of cells, lack of
cellular elongation, and lack of nuclear elongation and coiling
evident in treated cells as compared to control cells fixed after
8 hr (Figure 3A). Additionally, we examined the effect of inhibit-
ing splicing on several developmental markers whose patterns
of distribution have been well characterized. The addition of
SSA inhibited the dissociation of the blepharoplast and the
alignment of basal bodies along the nucleus (Figure 3B),
a reduction and mislocalization of a-tubulin (Figure 3C), asDevelopmental Cell 24, 517–52well as a reduction and mislocalization
of spermidine (SPD), which is normally
most abundant in the spermatids at
8 hr (Figure 3D). SSA treatment also
caused the subnuclear accumulation of
both poly(A)+ and total RNA within the
nuclei of spermatogenous cells, an effect
that was not disrupted by the tran-
scriptional inhibitor a-amanitin (Kedinger
et al., 1970) (Figure 3E).
We were concerned that SSA treat-
ment might simply slow rates of develop-
ment, so that SSA-treated cells grown for
8 hr would appear as if they had devel-
oped for only 4.5 hr. To assess this,
microspores were treated with SSA at
the time of hydration and grown for
4.5 hr alongside control microspores (Fig-
ure 3A). Both 4.5 hr SSA-treated and
control spores developed at the same
rate for the first 4.5 hr, suggesting that
SSA treatment does not cause develop-ment to proceed at a slower rate, but rather arrests it at a specific
stage of development.
While the microspore of M. vestita has previously been re-
ported to be a transcriptionally quiescent system (for review:
Wolniak et al., 2011) with many RNA species being ‘‘masked’’
at the onset of development (Deeb et al., 2010), we wanted to
confirm that spliced isoforms arise from IRTs stored and present
in the desiccated microspore. We treated microspores from the
time of hydration with the transcriptional inhibitor a-amanitin.
Consistent with previous results (Klink and Wolniak, 2001), the
development of microspores treated with a-amanitin proceeded9, March 11, 2013 ª2013 Elsevier Inc. 521
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microspores and 2178A- and 2178B-specific primers were
used to perform RT-PCR (Figures 2A–2D). RT-PCR results
were similar to control reactions, showing that neither of these
RNAs is produced by new transcription in the gametophyte.
RNAseq reads from our 6–8 hr time range as well as RNAseq
reads from microspores treated with transcriptional inhibitors
a-amanitin or actinomycin D were mapped to a subset of IRT
sequences (Figure S1). While the number of mapped reads fluc-
tuates between all three samples to some degree, there is not an
overall negative trend with regard to IRT abundance after treat-
ment with transcriptional inhibitors. Instead, there is a slightly
positive trend with mapped reading being most abundant in
one of the inhibitor samples for 10/17 IRTs (Figure S1). Similarly,
RNA accumulation within the nuclei of spermatogenous cells
after SSA treatment was not affected by transcriptional inhibition
(Figure 3E), suggesting that this accumulating RNA is not newly
transcribed, but most likely results from a relocalization or
sequestration of stored RNA.
Together, these results indicate that IRTs are stored in the
desiccated microspore and present from the onset of gameto-
phyte development. These IRTs are precursors that are spliced
to generate fully mature transcripts during gametophyte devel-
opment. Furthermore, developmental arrest at 4.5–5 hr after
spliceosome inhibition indicates that at least some splicing is
required for proper development.
Temporal Variance in the Detection of Fully Spliced
Transcripts
As ameans to understand how IR and splicing could regulate the
temporal utilization of transcripts during spermiogenesis, we
selected a subset of IRTs and examined the timing of their
splicing. As noted above, primers were designed to amplify
specific spliced isoforms using RNA extracted from different
times during development of the gametophyte. RNA concentra-
tions were quantified spectrophotometrically and normalized to
a standard concentration prior to use in RT-PCR.
Our pre-mRNA subset consisted of 17 different IRTs and one
fully spliced control (Mv-Cen1) transcript. For our IRT subset, we
selected several transcripts known or predicted to be involved in
centrosome formation or ciliogenesis (SPAG6, Ninein, IFT88,
Dynein Heavy Chain 1b, IFT122, Katanin, FAP71, and Pericen-
trin) in addition to transcripts we believed might also function
at later stages of development. The names, presumed splice
signals, and retained intron lengths for this subset are reported
in Figure S2.
Mv-Cen1 served as a baseline control, since it is fully spliced
and its mRNA has previously been shown to be present at
consistent levels throughout development of the microspore
(Hart and Wolniak, 1999, Figures 2A and 4A). In contrast,
RT-PCR results for our IRT subset revealed variance in the timing
of the appearance of corresponding spliced isoforms (Figures 4A
and 4C). Interestingly, 6 transcripts (SPDS, E3-Ligase, Katanin,
AKAP2, GSK3, and Moesin) exhibited spliced isoforms at 1 hr
of development. While the spermidine synthase (SPDS) spliced
isoform was detected throughout development, its abundance
increased dramatically after 5 hr, a time that coincides with the
appearance of this transcript in spermatogenous cells (Deeb
et al., 2010). For fully spliced transcripts present at 1 hr of devel-522 Developmental Cell 24, 517–529, March 11, 2013 ª2013 Elsevieropment, isoform specific RT-PCR was performed on 0 hr RNA to
see if these isoforms exist in the desiccated spore or whether
they are spliced from IRT precursors (Figure 4B).
Fragments mapped per kilobase per million read (FPKM)
values were graphed for each fully spliced isoform (Figure 4D).
While our FPKM values time intervals (1–2 hr, 3–5 hr, and
6–8 hr) do not have the same temporal resolution as our
RT-PCR data (0 hr, 1 hr, 3 hr, 4 hr, 5 hr, 6 hr, 7 hr), both data
sets appear to conform well, adding further evidence that the
appearance of fully spliced isoforms of different transcripts
are temporally distinct events. If IRTs are serving as precursors
to fully spliced isoforms, we expect to see the ratio of fully
spliced to IRT isoforms increase during development. To see
if this is true, we measured the number of RNAseq reads corre-
sponding to intron and splice junction sites and calculated the
change in this ratio over time (Figure 4E). In the majority of cases
(12/17) the ratio of fully spliced isoform to IRT increased over
development (Figure 4E). For one transcript (Polyamine Trans-
porter: Poly.Trans.), there was no change in the ratio of fully
spliced to IRT transcript during development. In two cases
(Pyrophosphatase and Programed Cell Death P2), RNAseq
reads corresponding to introns and splice junctions were un-
masked only in the final time interval, making it impossible to
evaluate changes in the ratio of fully-spliced to IRT transcripts
with the time-range resolutions currently available to us. In
two cases (SPDS and GSK3), the ratio of fully spliced-to-IRT
transcript decreased. Interestingly, our RT-PCR results for
these two transcripts indicate that their fully spliced isoforms
are present from the onset of development (Figure 4B). These
observations lead us to question if these fully mature isoforms
of these transcripts are spliced from IRTs after rehydration. To
test this, microspores were treated with SSA and allowed to
develop for 1 or 4 hr before RNA was isolated from each sample
(Figure S2). In both cases, RNA extracted at 1 hr of develop-
ment did not indicate any effect on the presence of spliced iso-
form because of splicing inhibition; however, at 4 hr, fully
spliced isoforms were not detectable (Figure S2). This indicates
that some IRTs may be spliced in waves or that IRTs might be
spliced to replenish supplies of fully spliced isoforms as they
are utilized during development. Another alternative is that there
is cell-type-specific splicing, which occurs after spermatoge-
nous cells are formed. Collectively, these RT-PCR and in silco
results indicate that different fully spliced isoforms arise at
different times during development.
RNAiDepletion of Intron-Retaining TranscriptsDoesNot
Perturb Development until after the Time of Splicing
To determine whether IRTs play a functional role in development,
or merely exist as storage precursors of their fully spliced iso-
forms, we performed dsRNA-mediated RNAi on our subset of
IRTs. We have previously found that the delivery of dsRNA into
the microspore of M. vestita for RNAi depletion of stored tran-
scripts is an effective method for studying whether and when
a transcript plays an essential role in development (Klink and
Wolniak, 2001). For these experiments, we transcribed and con-
structed dsRNA molecules specific to the introns present in our
subset of IRTs. These dsRNA constructs were introduced to
microspores at the time of hydration. Microspores were grown
for 8 hr, fixed, embedded in plastic, and sectioned. SectionedInc.
Figure 4. Temporal Variance in Intron Removal
(A) RNA isolated frommicrospores grown for 1, 3, 4, 5, 6, and 7 hr was normalized and used with isoform-specific primers for fully spliced transcripts for RT-PCR.
(B) For IRTs with high abundances at 1 hr, the presence of these isoforms was assayed for in the dry spore (0 hr) using isoform-specific primers. Cen1 serves as
a none-IRT control.
(C) Temporal RT-product relative fold change of gel intensities for IRT subset.
(D) Fragments per kilobase per million fragments mapped (FPKM) values from IRT isoforms for each time range sequenced.
(E) Change in the ratio of fully spliced to IRT isoforms.
See also Figure S2 and Table S2.
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Figure 5. Perturbations by RNAi Depletion of IRTs Manifest after the Predicted Time of Splicing
(A) Microspores were treated with 200 mg/ml of dsRNA targeting specific IRTs for RNAi. Treated and control microspores were grown for 8 hr, fixed, embedded,
and sectioned. Sectioned material was stained with the nucleic acid stain DAPI (blue) and imaged using fluorescence and phase contrast microscopy.
(B) For those IRTs whose depletion via RNAi was not seen to perturb maturation before 8 hr of development RNAi treatments were conducted and microspores
grown until sperm emergence (10.5 hr). Imaging of sperm or microspores was conducted to assess the effect of RNAi on mature sperm (right bar
[for microspores] = 25 mm, left bar [for spermatozoids] = 5 mm).
(C) Fluorescence confocal microscopy on microspores treated with dsRNA and grown for 16 hr, fixed, and stained with DAPI (DAPI) and overlaid on DIC images
(bar = 25 mm).
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fluorescence and phase contrast microscopy (Figure 5A).
Several of our initial RNAi treatments failed to elicit develop-
mental perturbations within the first 8 hr. For these transcripts,
we extended RNAi treatments, allowingmicrospores to progress
through the time of normal spermatozoid release. In control
samples, spermatozoids emerge after 10.5–11 hr of develop-
ment at 20C (Figure 5B). Several RNAi treatments allowed for
the release of spermatozoids displaying various developmental
abnormalities, while other RNAi treatments arrested develop-
ment prior to spermatozoid release (Figure 5B). These latter
RNAi treatments were allowed to develop further, up to 16 hr,
to account for any potential delay in development caused by
RNAi treatment. In all (3/3) cases, spermatozoids still failed to
emerge (Figure 5C).
In this study, each dsRNA construct produced a different phe-
nocopy, indicating a specific effect rather then general toxicity
caused by adding excessive amounts of dsRNA to the spores.
In each case examined (17/17), we found that the RNAi-induced
perturbation of development was manifested after the proposed
time of splicing for the transcript that had been silenced. This
result, combined with the observation that fully spliced isoforms
arise in a splicing dependent fashion (Figure 2A) leads us to
believe that IRTs do not directly function in development, but
rather, that they serve as precursors of fully spliced transcripts,
whose maturation and subsequent translation is necessary for
the proper completion of spermatogenesis.524 Developmental Cell 24, 517–529, March 11, 2013 ª2013 ElsevierCorrelation between Splicing, Developmental Arrest,
and Translation
The temporal changes in abundance of several proteins en-
coded by IRTs have previously been reported (Klink, 2001;
Klink and Wolniak, 2003; Deeb et al., 2010). We cross-refer-
enced our RT and RNAi time course data with previous protein
abundance data (Klink, 2001; Klink and Wolniak, 2003; Deeb
et al., 2010). The results are shown in Figure 6. In all cases
(4/4) with available protein data, splicing of transcripts preceded
or was contemporary with protein production. Furthermore, in all
cases examined (17/17), RNAi-mediated arrest of development
was preceded by or was concurrent with both splicing and
protein production of IRT-containing pre-mRNAs (Figure 6).
Cross-referencing of our RT-PCR, in silico analysis, protein
abundance, and RNAi data lead us to suspect that retained
introns present in IRTs prevent their precocious translation,
and that the gametophyte utilizes a mechanism to control the
timing of splicing of these introns. Once the retained introns
are removed, the fully spliced transcript isoforms are competent
for translation. In this way, the rapidly developing gametophyte is
able to regulate the translation of a subset of stored transcripts
through the removal of retained introns.
DISCUSSION
The use of stored RNA is important in many rapidly developing
systems. Here, we investigated the mechanistic role of intronInc.
Figure 6. Splicing of IRTs Precedes Functionality and Translation
Temporal plot showing the times at which fully spliced isoforms (RNA_seq: tan, RT-PCR: red) and proteins (green) are present. Also included is the duration of
developmental viability after RNAi depletion of IRTs (blue). Shading for RNAseq (tan) and RT-PCR (red) indicates relative abundance. *Temporal protein data are
for SPD, the product of SPDS; RNAi development arrest time point previously reported (Deeb et al., 2010). **Non-IRT control.
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spore of M. vestita. These data indicate that the microspore of
M. vestita regulates the retention of specific introns during its
desiccation, a time when the spores undergo expansive tran-
scription of stored pre-mRNAs (Boothby and Wolniak, 2011).
After spore rehydration, the stored IRTs are translationally in-
hibited, and the gametophyte regulates the removal of retained
introns at specific times during development as a means of
promoting translation.
While many transcripts in the microspore ofM. vestita are fully
mature, a subset of RNAs retain an intron. Examples of inefficient
splicing are known and often attributable to imperfect splice
signals (Hampson and Rottman, 1987; Dirksen et al., 1995;
Romano et al., 2001; Sterner and Berget, 1993; Talerico and
Berget, 1994; McCullough and Berget, 1997; Romfo et al.,
2000; Sakabe and de Souza, 2007). The fact that many of the re-
tained introns present in the microspore of M. vestita contain 50
and 30 U2 splice signals (Figure S2) that conform well to
accepted consensus sequences from other plants and animals
leads us to suspect that these retention events do not ariseDevelobecause of inefficient splicing. Instead, the retention of the intron
appears to be precise and regulated. Lending further support to
this idea is the fact that analysis of genomic sequences revealed
that in all (4/4) cases examined, splicing of other nonretained
introns had previously occurred in IRTs. A variety of other organ-
isms and cell types display intron retention events, and though
the role of retained introns in the regulation of developmental
progression has not been widely reported, a precedent exists
for such observations (Averbeck et al., 2005). In instances where
this process has been described, regulated retention of introns
appears to be specific to a developmental stage (Averbeck
et al., 2005) and to correlate with a decrease in protein product
while not compromising the stability of the IRT (Mansilla et al.,
2005). Posttranscriptional splicing of retained introns has also
been observed (Denis et al., 2005), suggesting that stable IRTs
could undergo splicing long after their transcription. In the
case of the dry microspore ofMarsilea, this interval could extend
for many years.
Our data indicate that IRTs are spliced at different times. We
believe that this reveals an additional level of regulation, onepmental Cell 24, 517–529, March 11, 2013 ª2013 Elsevier Inc. 525
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times. Two scenarios are plausible to explain the control over
timing of intron removal. In the first, IRTs contain sequences or
sequence structures that interact with some temporal regulator
of splicing (for review: Wang and Burge, 2008). That temporal
regulator is translated, activated, or uninhibited at a specific
time and is then able to interact with and promote the splicing
of IRTs containing the correct sequence/structure. By having
multiple sequences and multiple temporal regulators, the cell
could effectively splice different subsets of IRTs at different
times. In the second scenario, the cell is fully capable of splicing
all IRTs; however, the splicing substrates (the IRTs) are masked
(Deeb et al., 2010; Boothby and Wolniak, 2011) or otherwise
blocked from being spliced. The unmasking of a subset of IRTs
would make them available to the splicing machinery of the
cell. Temporally regulating this unmasking for subsets of IRTs
would lead to the splicing of different subsets of IRTs at different
times of development.
It appears that for several IRT pairs in our subset, a fully spliced
isoform is present in the dry spore. In these cases, IRTs may
serve as backup pools for these transcripts, or as is likely the
case for SPDS, spliced isoforms may arise at different times in
different cell types at successive stages of gametophyte devel-
opment (Deeb et al., 2010). This theory is supported by the
observation that spliceosomal inhibition does not influence the
abundance of these products at 1 hr of development but leads
to their disappearance at 4 hr of development (Figure S2).
Some IRTs also have fully spliced isoforms present early in
development, and the depletion of these IRTs via RNAi results
in arrested development prior to the completion of the division
phase (e.g., Moesin, which arrests development around 3 hr),
while drug-induced inhibition of splicing via SSA results in ar-
rested development at the end of the division cycles, approxi-
mately 4.5–5 hr after development is initiated. SSA affects the
maturation of the spliceosome by interaction with the spliceoso-
mal component SF3b and by blocking the complex A to complex
B transition (Kaida et al., 2007). A possible explanation of these
seemingly disparate observations is that IRTs whose splicing is
essential for early development may already have mature
complex B spliceosomes associated with them, so that the addi-
tion of SSA does not affect their splicing. Another possibility is
that spliceosomes associated with these transcripts undergo
the A to B complex transition very rapidly after spore hydration,
and as a result, SSA introduced at the time of rehydration lacks
sufficient time to block the maturation of these spliceosomes.
Irrespective of the mechanism of regulation of intron removal, it
is apparent that there are levels of control that dictate the timing
of splicing of several subsets of IRTs.
RNAi knockdown of IRTs does not affect development until
after the time point at which the transcripts are normally spliced
and previous western blot, immunofluorescence analysis, and
RT-PCR time course data reveal that intron removal precedes
translation in the microspores. The persistence of introns in
a transcript has been seen to affect rates of translation negatively
in a variety of other organisms (Braddock et al., 1994; Gebauer
et al., 1998) and the posttranscriptional splicing of retained
introns has been demonstrated to make these transcripts trans-
lationally viable (Denis et al., 2005). Collectively, these results
indicate that the retention of introns arrests translational events526 Developmental Cell 24, 517–529, March 11, 2013 ª2013 Elseviernecessary for spermatogenesis in M. vestita to proceed
normally.
While it appears likely that IR blocks translation of IRTs in the
gametophyte, the mechanism by which this occurs remains
elusive. Furthermore, intron retention does not appear to trigger
nonsense-mediated decay (NMD) or otherwise negatively affect
the stability of these transcripts. It has been shown that in plants
the majority of alternatively spliced isoforms are not subjected to
NMD (Kalyna et al., 2012). Since targeting of transcripts for NMD
occurs after the pioneering round of translation, it is likely that
stable IRTs are not translated until after they are spliced (for
review: Chang et al., 2007). In the microspore of M. vestita
IRTs might not interact with translational machinery for a variety
of reasons. Nuclear retention of IRTs could occur or alternatively
sequestration in ribonucleoprotein particles could block IRT
association with translational machinery. What appears clear is
that splicing is essential for translation of IRTs. Splicing by the
U2 spliceosome is known to occur in the nucleus and data pre-
sented here reveals that inhibition of U2 splicing leads to an
accumulation of RNA within the nuclei of spermatogenous cells
in a transcriptionally independent fashion (Figure 3). We are
currently developing assays and tools to allow us to gain a
greater understanding of what mechanisms control posttran-
scriptional regulation of IRTs in the microspore of M. vestita.
EXPERIMENTAL PROCEDURES
Microspores
Sporocarps containing microspores were obtained from mature sporophytes
grown in artificial ponds (University of Maryland, Research Greenhouse
Complex). Microspores were isolated as previously described (Klink and
Wolniak, 2001).
Poly(A)+ RNA Isolations
Four milligrams of microspores were used with NEB’s Magnetic mRNA
Isolation Kit (#S1550S, New England Biolabs) according to the manufacturer’s
instructions.
RNAseq
Poly(A)+ RNAwas isolated directly (seemethod above), then concentrated and
cleaned using the RNeasy MiniElute kit (#74204, QIAGEN) according to manu-
facturer’s instructions and eluted in a final volume of 10 mL. Eight microliters of
RNA was used for as input and library preparation conducted according to
manufacturer’s instructions (‘‘Low-Throughput (LT) Protocol’’ TruSeq RNA
Sample Preparation Guide, Illumina). Resulting library preps were assessed
for quality and concentration using the Agilent 2100 Bioanalyzer (Agilent
Technologies) as well as qPCR. 100 base pair paired end read sequencing
was conducted by the IBBR sequencing core (http://www.ibbr.umd.edu/
facilities/sequencing) using the HiSeq1000 (Illumina).
De Novo Transcriptome Assembly
For each time range sequenced, raw sequenced fragments were combined
into left and right read files. These raw sequences were concatenated, filtered,
and then subsequently used with the 2011-05-19 release of Trinity (Grabherr
et al., 2011) to assemble de novo transcriptomes for our three time ranges
(1–2 hr, 3–5 hr, 6–8 hr; See Supplemental Experimental Procedures).
Identification of Intron-Retaining Transcripts
RNAseq reads from all time points were concatenated and transcripts assem-
bled (as described above). MegaBLAST was conducted on the output with
a maximum e-value of 1E10. To identify potential IRT pairs, MegaBLAST
results were parsed to select hits with a gap (intron) of at least 15 bases and
gap starting position unambiguously known to within five bases (as some
sequences make the exact starting position of a gap [intron] ambiguous).Inc.
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entirety of the alignment. Duplicate introns were removed on the basis of size,
position, and sequence identity of the 20 bases surrounding the 50 and 30 splice
sites.
Gene Ontology
The sequences of fully spliced isoforms of IRT pairs were used as queries in
a Stand Alone BLASTx using the ncbi-blast-2.2.25+ suite against the NCBI
refseq proteins database (downloaded on 2/12/2012). Our search was tailored
to return the best 50 hits for each sequence in XML format. These hits were
used as input into the Blast2GO (B2G) program (http://www.blast2go.com/
b2ghome). Mapping, annotation, and analysis were carried out using B2G’s
online database (b2g_jun11).
Genomic DNA Isolation and Sequencing
Leaflets from matureMarsilea vestita sporophytes were harvested and stored
frozen at 80C until use. A single frozen leaflet was placed in a 1.5-ml centri-
fuge tube and the tube immersed in liquid nitrogen. While immersed in liquid
nitrogen, the leaflet was ground to a powder with a sterile plastic pestle. Chlo-
roform extraction of DNA was performed and isolated DNA stored at 20C
until use. (See Supplemental Experimental Procedures for more details.)
Sequencing was conducted by GeneWiz Inc. (http://www.genewiz.com)
according to their sample preparation guidelines.
RNAseq Read Mapping
RNAseq reads were mapped using the Tuxedo suite (Langmead et al., 2009;
Trapnell et al., 2009) to ‘‘reference’’ transcriptomes. Mapped reads were
subsequently viewed and analyzed using IGV (http://www.broadinstitute.
org/igv/) (Robinson et al., 2011; Thorvaldsdo´ttir et al., 2012).
Sequences
Accession numbers for IRT, mRNA, and genomic sequences used in this study
are listed in Table S2.
Splice Site Sequence Logos
Sequence logos were generating using WebLogo available at http://weblogo.
berkeley.edu (Crooks et al., 2004).
Total RNA Isolations
RNA isolations were conducted on 4 mg of microspores using the RNeasy
Plant Mini Kit (QIAGEN catalog number: 74904) according to manufacturer’s
instructions.
Primers
For primers used in this study, see Supplemental Experimental Procedures.
Reverse Transcription Polymerase Chain Reaction
RT-PCR was conducted using AMV RT enzyme and Taq polymerase accord-
ing to manufacturer’s instructions with 30 PCR cycles (New England BioLabs).
Quantification of RT-PCR Product Relative Gel Intensities
RT-PCR products were run on 2% TAE agarose gels stained with ethidium
bromide. Gel images were analyzed using ImageJ software. Background
subtraction was conducted using a rolling ball radius of 50 pixels. Intensities
for each lane were measured using the built in gel analysis tool. Raw intensities
from each time point were expressed as a ratio of the lowest intensity
measured for each gene product and graphed (Figure 4).
Spliceostatin A and a-Amanitin Drug Treatments
For SSA, a-amanitin, and control samples, 4 mg of microspores were
measured into 2 ml epitubes. Spores were treated with 100 ng/ml (or
200 ng/ml as indicated) and 100 mM of SSA (100 ng/ml in methanol) and
a-amanitin (1 mg/ml), respectively, and the total volume of each epitube
increased to 1 ml with spring water. Control spores were imbibed with 1 ml
of methanol:spring water (ratio 1:1000) or 1 ml of pure spring water. SSA,
a-amanitin, and control microspores were grown on an Orbitron rotating
shaker at 20C for the entirety of incubation. Subsequent RNA isolations or
fixation was conducted as described above and below, respectively.DevelodsRNA Production and RNAi
dsRNA and RNAi were performed as previously described (Klink and Wolniak,
2001). See Supplemental Experimental Procedures for dsRNA construct
sequences.
Fixation, Embedding, and Sectioning
Marsilea vestita microspores were obtained, fixed, embedded, and sectioned
as previously described (Hepler, 1976; Klink and Wolniak, 2001).
DAPI Staining, Immunofluorescence, and Fluorescence Microscopy
Microscopy was conducted as previously described (Boothby and Wolniak,
2011). Primary antibodies used in this studywere as follows: rabbit anti-human
Spermidine (Arcis) 1:200 in PBS, mouse anti-alpha-tubulin (Calbiochem Cat#
CP06) 1:200, and mouse anti-Centrin clone 20H5 (Millipore 04-1624) 1:200.
Secondary antibodies used in this study were Alexa Fluor goat anti-rabbit
594 and Alexa Fluor goat anti-mouse 594 (Molecular Probes cat# A11012
and A11005, respectively) both diluted 1:1000 in PBST. Incident light fluores-
cence imaging was conducted on a Zeiss Axio microscope and fluorescence
confocal imaging was conducted on a Zeiss LSM 700 microspore. For all
imaged material, thousands of microspores are simultaneously treated and
subsequently viewed. Approximately 100 microspores were photographed
for each treatment. Each treatment (SSA, a-amanitin, and RNAi) experiments
were conducted at minimum in duplicate.
SUPPLEMENTAL INFORMATION
Supplemental Information includes two figures, two tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.devcel.2013.01.015.
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